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ABSTRACT: Here we report-a facile method to fabricate composite paigimorgainc
shells consisting of poly(allylamine hydrochloride) (PAH)/papdium 4-styrenesulfonate)
(PSS) multilayers strengthed by thesitu formed silica (Sig) nanoparticles (NPs), achieving
an enhanced stability under harsh acidic and basic comslitiWhile the unsiliconised
PAH/PSS multilayers show a pH-dependent stability and perntgakihe composite
PAH/PSS/SIQ shells display significatyt higher chemical tolerance towards a variety of
harsh conditions (1 < pH < 13, high salinity). Upon treatment with either hydrochloric acid
(HCI, pH=1) or 0.2 M ethylenediaminetetraacetic acid disodgsait (EDTA, weak acid,
chelator), the (PAH/PSZ¥IO, shells are able to maintain the integrity of mostioah
carbonate (CaC¥) particles, as the shells are tickened and densifiediffigisnt SiQ, NPs
When treated with NaOH solutioat pH=13, the (PAH/PSESIO, shells also display an
intact morphology and maintain the ability to interceptddmin B Rh-B) molecules, which

is quite different to that observed with the unsiliconisBAH/PSSy shells. Ultrasound is
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proved to rapidly break the composite shells, hence camség as a potential stimulus to
trigger the release of encapsulated substances. All sdts@lemonstrate the fact that the
composite (PAH/PSE/SIO, shells havea higher chemical stability, lower permeability. for
small molecules andh greater sensitivity to ultrasound, which is promising fornyna
applications where protecting the activity of small molesus$ requiredsuch as the delivery
of encapsulated drugs in an unhindered form to their specifindsti within the human

body.

KEYWORDS: enhanced acid/alkali tolerance, composite shell, in sitw, 8lGasound

responsiveness

1. Introduction

Microencapsulation techniques have generated considerabiest to scientists as they can
be widely used to protect substances with poor survival and itstabihder harsh
conditions? For oil/gas recovery applications, improving the stabiifysurfactants under
high salinity or high temperature environments is of giabrtance to achieving high-yield
oillgas but still presenting as a huge challefigEor biological and biomedical applications,
chemical stability of pharmaceutical molecules, as agllive bacterial cells for therapeutic
purposes such as probiotics, is a matter of great consetratiects the safety, efficacy and
therapeutic effects of the drug produéf8.Delivering the active ingredients via protective
carriers and releasing them at desired locations carfisagnly reduce the side effects on
normal tissues and increase their therapeutic effected;lé has intrigued the researchers to
entrap active cargm a protective shell and thereby keep them intact befeirglaelivered to

the target are4?



Porous CaCe@particles have shown good capability in encapsulating am@tecules such
as DNAM and siRNAM but they are unable to survive under the extreme pH conslitib
stomach, which ultimately inhibits their application irabdelivery!*>*? The stomachs. of
most vertebrates operate at harsh acidic environmeets,with pH =2 generated by the
gastric H+/K+ATPase located in parietal céfld, therefore requiring the -acid-sensitive
payloadsto be coated with protective layers able to tolerate such hamsditoons. Similarly

if the payloads are unstable in alkaline conditions, a ptig&e coating with resistance to
alkaline solvent is needed. To ensure the chemical stabilithe encapsulated materials,
developing a type of protective shell with great toleramcédth harsh acidic and alkaline
conditions is of great importance. This has the potetatibEnefit many areas of science from

the field of biology to that of energy and the environment

Various coating materials have been proposed to fabricatecpvet shells in the past few
decade$***% including polymers and inorganic NPs. Polymeric building blocks sisch
poly-L-arginine hydrochloride (PARG), dextran sulfate (DEXS),HPAPSS, etc. can be
simply coated on the particles (e.g., Cal®ia the Layer-by-Layer (LbL) methddf:*®
These kinds of polymeric multilayers have the advantagetureable thickness, good
repeatability, variable compositions and functions, and banused as drug carriers
biosensors, microcontainers, et However, such polymeric LbL shells often suffer from a
few inherent limitations: (i) relatively high sensitivity mvironmental fluctuation such as
ionic strength, i.e., swelling or shrinking upon changing theplde of the environmeft/*8

(ii) relatively high permeability due to the intrinsic porotisisture of polymeric multilayers,
which hinders the encapsulation of small molectife and (i) relatively weak mechanical
strength because of the soft and film-like texture of pelyshells, which tend to collapse
under the dry staté? For example, hollow PAH/PSS capsules are widely studiedsame

great potential as carriers for drugs, micro-/nano-pastidarfactants, etc?? but they are
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unstable in harsh alkaline conditions and still struggléh vihe encapsulation of small
molecules!”? Two common methods employed to address those limitatiookide,
increasing the layer numbgt or crosslinking the multilayers either by high tempeamt
treatment’® UV irradiation!* chemical reagentd? or ionization’® Increasing the layer
number may help to some extent, but it brings the diffjcul releasing the cargo due to the
electrostatic nature of polyelectrolyté&?3 The harsh treatment conditions for crosslinking
the polymers may damage the pre-loaded molecules, lsdatells or biological tissues?
UV irradiation, utilized for polymer crosslinking, is harrhfio normal tissues. The UV
irradiation on normal human skin may cause sunburn infi@tmm (erythema), tanning, and
local or systemic immunosuppressié%. Moreover, such approaches cannot significantly
decrease shell permeability to enable small molecules endatps and cannot drastically

increase the shell’s resistance to high concentration of H" or OH.

Introducing rigid inorganic NPs'in shells opens up anotherusyeand is receiving increasing
interest?” The advantages of inorganic materials, i.e. high therheitical stability and
resistance to erosion under extreme conditions,careplementary to the soft nature of
polymeric shell$®® For example, Wang and Caruso synthesized solid composite
microspheres to encapsulate enzymes in mesoporous silieeespland demonstrated an
enhanced pH stability and recycling stability comgaio pure polymeric microcapsulé&g.

To date, inorganic NPs, such as Auz®g ZnO, were commonly introduced individually via

a two-step method (i.e., the NPs were prefabricated and tioemporated in polymeric
shells)!*®2%% which would strengtén the mechanics of the capsules and increase their
sensitivity to external stimuli. However in spite of this the shelinpeability could not be
significantly decreased. Recently, an in situ method wa®peabto synthesize and assemble

inorganic NPs in polymeric multilayers, which yielded the propgmif composite shell much



superior to those constructed via the two-step metfoBor both approaches, however, the

effects of inorganic NPs on the shell tolerance to haksbonditions are seldom studied.

By introducing the pre-fabricated inorganic NPs, the hybrid peherinorganic shells would
not be a continuous and integral si&liwhich has been exemplified by G. B.:Sukhorukov et
al®¥* The electrostatic attractive force between the polyeriesiers and inorganic NPs is
likely to be reduced by the elevated ionic strength, leading tos@udgon of the hybrid
shell® |n contrast, the inorganic NPs introduced by the in situ syistlad growth method,
act as additional robust buliding blocks in and around thgw@ic multilayers, concrete the
multilayer shell and thusly help creating a dense compsisék As the solid NPs are formed
in the free spaces (e.g., pores, concaves, etc.) inetielé and soft polymer multilayers,
they could inhibit the movement of soft polymers. Tésistance to extreme pH conditions, as
a result, is expected to be significantly improved. Hertdi@ behaviour of polymeric-
inorganic composite shells (fabricated by the in situ swgmhef inorganic NPs into the
polymeric matrix) are investigated in detail. Our earltedg demonstrated that SIGIPs can
be formed in situ and assembled into the shell of hollowebedtrolyte microcapsules,
producing composite capsules with increased shell thicknedgneed mechanics and
reduced permeability? In this work, silica NPs are still chosen as the properhaecer, and
PAH/PSSis empolyed as polymeric building block. Porous Ca@@éxticles and rodamini@-
(Rh-B) are used as the model cargoes that need to be pthtBatbust polymeric-inorganic
composite shells, i.e. PAH/PSS/$jGare formed by the in situ synthesis of SiRPs in
PAH/PSS shells based on the hydrolysis of tetraethyl dlitade (TEOS). For comparison,
pure polyelectrolytes shells (PAH/PSS multilayers) and pungyanic SiQ coating fabricated
by the same in situ process were also produced. The perfoenednthe different shells

treated by HCI solution with pH=1 and 0.2 M EDTA solution w#ven investigated. The



capability of PAH/PSS/Si©@microcapsules on encapsulating and releasing small me¢ecul

under harsh alkaline environment (NaOH, pH=13) was also explored.

2 Experimental Section

2.1 Materials. Poly(allylamine hydrochloride) (PAH, Mw = 56 kDa), poly(sodium 4-
styrenesulfonate) (PSS, Mw =70 kDa), Tetraethyl orthosdicfaTEOS, Si-(OgHs)s,
>99.0 %), ammonium hydroxide solution (MPH, 28.0-30.0% NHsbasi3, dextran-
tetramethylrhodamine isothiocyanate (TRITC-dextran, Mw =500, kEla TRITC per 100
glucose residues), rhodamine B (Rh-B, Mw =4%95.0.%), ethylenediaminetetraacetic acid
disodium salt (EDTA> 99.0%), and other salts including calcium chloride (G3Clodium

carbonateNa,COs), HCl and NaOH were purchased from Sigma-Aldrich.

2.2 Composite shell preparation. CaCQ microparticles were freshly prepared as reported
previously'*® A 0.33 M CaC} solution was mixed under magnetic stirring with the same
volume of 0.33 M NgCO;s solution. After 15 s, the CaG(articles were then collected and
washed three times with deionized water (DIl-water). TRITGrda molecules were
encapsulated by coprecipitating them together with theGQzalQring the formation process.
PAH (positively charged, 2 mg/mL in 0.5 M NaCl) and PSS (negigtsharged, 2 mg/mL in
0.5 M-NaCl) were then assembled on the Ca@@rticle via the LbL technique. Different
layers of polyelectrolytes (8 and 12 layers) were askinto form CaC@(PAH/PSS) and
CaCQ/(PAH/PSS) complex particles. Subsequently, these particles weatedawith SiQ
NPs by hydrolyzing TEOS. 0.5 mL Cag@article suspension, was mixed wiB0 pL of
ammonium hydroxide solutionh60 pL of H,O and 8 mL ethanolafter which 46 pL of
TEOS was introduced dropwise to the system under magnetiogstati700 rpm with the
temperature kept at 5 for 30 mins The solution was then stirred at a steady speed of 500

rom for 20 h at 25 °C. Subsequently, the suspensions wetgfuged and washed with



ethanol and distilled water several times. Finally, Cad@@H/PSS), CaCQ/(PAH/PSS;,

CaCQ/(PAH/PSS)/SIO, and CaC@(PAH/PSSYSIO, were obtained.

2.3 Harsh acid and alkali treatment. To test the pH-stability, CaGarticles with different
coating shells was treated with EDTA (0.2 M) and HCI (pH=1). HF#SS} and
(PAH/PSSY/SIO, capsules were incubated in NaOH (pH=13) for various tim@4{): After

the treatment, the corresponding suspensions were centiifugeshed and collected for
further characterization. It shall be mentioned thasaihples were prepared and treated at

least 3 times to ensure the repeatability.

2.4 Ultrasonic treatment. Ultrasonic treatment was performed by an ultrasonic process
GEX 750 (Sonics & Materials, Inc., USA) operating at 20 kHz, 50awi 30% amplitude.

The probe of the ultrasonicator was inserted into the fedicspension in a plastic tube. An
ice bath was used to ensure that the temperature charge rafdrocapsule suspensions was

less than 5 °C.

2.5 Instrument and M easurement. Scanning electron microscopy (SEM) (FEI Inspect-F)
was used to measure the morphologies of the samples.bfbevation was carried out using
an accelerating voltage of 10 kV, a spot size of 3.5, and a wodkstance of approximately
10 mm. Element mapping was characterized byBhergy dispersive spectrometer (EDX)
attached to the SEM.ransmission electron microscopy (TEM) measurements were carried
out using a JEOL 2010 transmission electron microscope withB#® [filament, operated at
200 kV. Samples were prepared by dropping the diluted sample sitspen a copper grid
with holey carbon film and leaving them dry for 5 minutésergy dispersive spectrometer
(EDX) attached to the TEM was employed for the elemental asalysrared spectroscopy
(FTIR spectrometer 100, PerkinElmer) was used to measure the p&tfRas of vacuum-

dried samples, collecting data at a spectral resolutioh @r’. Confocal laser scanning



microscopy (CLSM) images were obtained with a Leica TS confocal scanningmy@teica,

Germany) equipped with a 63x/1.4 oil immersion objective.

3. Result and Discussion
3.1 Schematic of Protective Shell Synthesisand Harsh Acid/Alkali Treatment

PAH/PSS multilayers
L ado— CaCO3 cores

Silica 5

coating

coating PAH pss

& B a
NaOH ,\&\igg&é
T U S
RSN

* Disdssembled
Scheme 1. Schematic diagram of the synthesis of PAH/PSS/8aposite shell and the

possible response upon hash acid/alkali treatment.

Composite polymer/Sigshells were synthesized via a synergy of LbL selfrabseand sol-
gel method. The scheme of the shell formation and tredtimelepicted in Scheme 1. CagCO
microparticles were assembled with PAH and PSS alterhatifieeming flexible PAH/PSS
multilayers, which further served as scaffold with many nucleating points for the
silicification reaction. The formation and growth ratd@sthe incorporated silica are greatly
dependant on the system parameters including reactropetature, concentration of the

precucors, reaction time, etdhus directly affecting the formed composite shell. The
8



influence of these key parameters was investigated iil dsts highlighted by reference 16.
In this study, the best reaction conditions for in silica incorporation were chosen and

implemented.

Two experiments were carried out to investigate the propefitise composite shell. The
formed CaC@PAH/PSS particles were directly coated with silica NPs upontiaddof
TEQOS, forming a complete, uniform, concrete-like outerllsvia processes of hydrolyzation
and condensation. The capability of the composite PAH/PSS8Bells to withstand CaGO
dissolution upton treatment with HCI or the weak acid EDTA&4gchelating effect for 9
were then studied. For the reserach on the’siedbility in basic conditions, CaGQs not an
ideal model material as it doestrissole in NaOH, thus making it difficult to indentify any
defects or breakages of the shell encasing the solid Cp&tcles. A fluorescent dye, Rh-B,
was used instead. Without silica shielding, Ca@0res were easily removed by incubating
CaCQ/PAH/PSS particles in EDTA solution or acid solution, as basn demonstrated
elsewheré*® The PAH/PSS capsules can not seal small molecules whiincavities due to
the intrinsic high shell permeabilit§” If the PAH/PSS capsules are dispersed in a solvent
together with Rh-B, and modified them with in situ formatica NPs, the resultant
PAH/PSS/SIQ capsules are expected to be able to BaB within their cavities. It is
expected that, the harsh condition tolerance, mechasicahgth and long-term storage
stability of composite capsules are all notably improved tduthe shielding effect of the
inorganic NPs, compared to pure polymeric multilay€fs* The effects of high pH on
PAH/PSS/SIQ capsules can be analyzed by detecting whether Rh-B medeagre able to
escape to the outside. Hence, the stability and permealiifiyre PAH/PSS capsules and the
composite PAH/PSS/Syrapsules under alkaline conditions were investigated im#raner

illustrated in Scheme 1. It is believed that the compodikl svould keep an intact



morphology and maintain the capacity to encapsulateB.Rihe detailed results and

investigation are discussed as follows

3.2 Performance Under Acid Treatment

In order to clearly characterize Cag@articles by fluorescent images, TRITC-dextran
molecules (500 kDa) were loadedo the CaCQ cores viaco-precipitation process and the
formed particles were characterized by SEM and CLSMhawsin Figure S1. SEM image
in Figure S1 A (Supporting Information) indicates that freshly syntheiszed CaGO
particles are microsized and show quite rough surfaces. Duthetodiffusion-limited
permeation inside the CaG@articles and the adsorption of TRITC-dextran molecuoles
pore surfaces, TRITC-dextran is expected to be effectivelyed in the CaCeparticles>?
CLSM images in Figure S1 B and C (Supporting Information) conthat TRITC-dextran

molecules are embedded inside the Caf#ticles and display an uniform distribution.

As it is well-known that CaC@can be dissolved by acid, a protective shell is needed to
preserve their stability in acidic solvents for soraal cases. Here, three types of shells with
different .compositions were used to coat the Cafd@ded with TRITC-dextran: (i) pure
polymeric shells, (PAH/PSg)(ii) pure inorganic shells, SgQand (iii) polymeric-inorganic
composite shells, (PAH/PSESI0,. CaCQ particles with 6 PAH/PSS bilayers and composite
(PAH/PSSY/SIO, shell before and after acid treatment were charactebygeSEM and CLSM.
Figure 1 A shows that the surface roughness of GABBH/PSS) reduces significantly
compared with that of bare Cag@articles (Figure S1 A, Supporting Information), indicgtin
that the polymeric buliding blocks are successfully assentrigtieir surfaces. The filled red
spheres in CLSM images in Figure 1 A2 reveal that the eulzapd TRITC-dextran

molecules are sealed well during the coating process dirdisstibute uniformly in the cores.
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After incubating these CaGPAH/PSS) in weak acid solution, i.e., 0.2 M EDTA, the
CaCQ cores are completely removed, as verified by the SEape in Figure 1 B1, showing
film-like (PAH/PSS) microcapsules with a lot of wrinkles and folds. With¢he support of
CaCQ cores, (PAH/PSS)multilayers are soft and collapsed during the drying psodas to
the interior water evaporation (Figure 1 B1), which suppptwstheory provided in the
previous report§%?? CLSM image in Figure 1 B2 shows hollow bright red ringslidating
that the CaC@ are dissolved and that most of the TRITC-dextran mddscare enriched
around the interior PAH/PSS shells. The inset in Figure lc&¥irms this point, as the
caspules exhibite near zero unit inside the cavities daiveshigh intensity in the shells. The
absorption of TRITC-dextran in shells can be explainedhbypossible interaction between
PAH and dextran, which can be facilitated by both hydrogengand hydrolyzable covalent
cross-links resudtd from aldehydes and primary amines couplifigThe results indicate that
pure PAH/PSS (6 bilayers) cannot inhibit the weak acid withllsmolecular weight, i.e.,
EDTA, which can penetrate into the porous CaCehelateCa&" ions and thereby disolve
them completely. SEM images of Cagfarticles coated directly with SiIONPs before and
after EDTA treatment are given in Figure S2 (Supportingrinétion). SiQ NPs covered on
the CaCQ surfaces can be clearly seen from Figure S2 A (Supgadmiformation). Notably,
pure SiQ coatings are not dense enough to protect the @aGf@s, which is proved by the
shrink morphology with folders after EDTA treatment (Fig8&B, Supporting Information).
Based on the above dicussion, it is apparent thatemehl pure polymeic multilayers nor the

pure silica coatings are able to protect the Caftdn being dissolked in acidic condition.
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Figure 1. SEM (top row) and CLSM (bottom row) images of CafPAH/PSSy without
and with silica coating, before and after EDTA treatingA) CaCQJ/(PAH/PSSy; (B)
CaCQ/(PAH/PSS) , EDTA; (C) CaCQ/(PAH/PSSY/SIO;; (D) CaCQ/(PAH/PSSY/SIO;,

EDTA. The line scan inset shows relative fluorescennsitg in capsules.

Previous reports have demonstrated that one polyelecttmlgiger is soft, porous, and only
less than 3 nm in thickneS§, however, the decoration of in situ synthesized inorgar@ Si
NPs in the polymeric matrix can empower the formed conmpogitell with enhanced
mechanics, increased shell thickness and reduced permeabilitence, the
polymeric/inorgainc composite shell is expected to be able dteqir CaCQ@ upon acid
treatment. Figure 1 C1 reveals that the particles wishheerical shape are fully covered by
the composite (PAH/PS8%IO, shells. CLSM images in Figure 2 C2 prove a uniform
distribution of the captured TRITC-dextran. Around 80%hef particles are found in SEM
image (Figure 2 D1) and they still keep 3D free-standing morbgprvithout collapse after
the EDTA treatmentHowever this is insufficient to prove that these sphéniaaticles
maintain solid CaC®cores inside, because previous reports have demonstratduitbat
composite capsules may aslo display a free-standinguste under dry state due to the

increased mechanics and shell thickd&sTherefore, CLSM and TEM images were

12



measured to study whether Caggarticles are intact. The corresponding CLSM reshtsv
that most of the particles are solid red balls and thesla® inset reveals the fluorescence
intensity of ~ 220 units inside the capsule, which confirmeseixistence of CaGQores with
pre-loaded TRITC-dextran (Figure 1 D2). In addition, to furgireve that most of CaCG(are
protected from dissolving, TEM of CaG@PAH/PSSY/SIO, after incubating in EDTA
solution was measured, as shown in Figure 2 A and B. Onlyallosviparticle is found, and
other particles are solid and fully coated by PAH/PSS/Sikells. The thickness of the
composite shell is around 295 nm as illustrateéigure 2 B, which is more than 10 times
thicker than that of pure (PAH/PSShultilayersi**¥ EDX spectra obtained from different
particles are give alongside the TEM images in Figure 8da No Ca peak is found for the
hollow particle in Figure 2 C. However, for solid particleere is a very strong Ca peak
originating from CaC®@in Figure 2 D where other peaks are attributed to C, O, an@si.
Among them, the peak of S originates from the origir&® Rnd the peaks of Cu comes from
the copper TEM grid. Moreover, the peaks of Si furtteify the formation of SIQNPs. The
element mapping of CaG@oated with (PAH/PSE/SIO, after soaking in EDTA is shown in
Figure S3 (Supporting Information), which further confirmst tivst of the particles are

solid particles with CaCgxore inside.
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Figure 2. TEM images (A, B) and EDX spectra (C, D) of CafiBAH/PSSY/SIO, after
EDTA treatment. Image C corresponds to the EDX spectruminebtadrom the hollow

particle and image D corresponds to the solid particle.

It shall be mentioned that the layer number of the palyeltes remarkably affacts their
stability under harsh conditions. The results of Ca@@h 4 PAH/PSS layers are shown in
Figure S4-S6 (Supporting Information). Figure S5 A indiedhat the composite shell with 8
polymer' layers is only around 130 nm, which is much smaller ttet of the

CaCQ/(PAH/PSSYSIO; shell. Even though the (PAH/PSSIO, composite shell shows an
increased protective effects for Ca£®hen compared with pure (PAH/P33ultilayers,

nearly half of the cores are removed by EDTA, as inditdty the CLSM images in Figure

S4 D, Figure S5 and Figure S6 (Supporting Information).

The FTIR spectra of CaGtand the CaCe(PAH/PSSYSIO, after EDTA treatment were
recorded, Figure 3. For pure Cag @ree main absorption bands appears at ~1400, ~870 and

~712 cm', which are characteristic bands of calcite. These bahd®usly exist in the

14



sample of CaCe(PAH/PSSY/SIO,, and display a relatie higher intensity than those of
CaCQ/(PAH/PSS)/SIO, after EDTA treatment (Figure S6, Supporting Information)e Th
bands at around 1100 &m945 cni as well as 800 cihfor the composite particles are

attributed to the S0O-Si and SiOH bonds, which also confirm the formation of SiOPs.

[15,25]
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Figure 3. FTIR spectrums pure CaG@nd CaC@(PAH/PSSY/SIO, after EDTA treatment.

As demonstrated above, with 12 layers of polymer and one o§@&iG coating, the CaC9
particles can be protected from being disediby EDTA. Additional investigation were
carried out to study their tolerance to extreme acidiaitiom (HCI solution with pH=1.
The CaCQ@(PAH/PSSY/SIO, particles were incubated in 1 M HCI (pH=1) for 2 minutes and
characterized by SEM and TEM. Figure 4 A shows that nfastegparticles are spheres with
a slightly rough surface after HCI treatment. If thetipkas were cut randomly by knife, some
broken particles can be found, as shown in Figure 4 B anth€ porous structures of the

undissolved CaCé¢xcores are demonstrated in Figure 4 B. Broken hollowgestin Figure 4

15



C reveal the thick composite shell, around 300 nm, which is simith that calculated from
the TEM images in Figure 2 B and Figure 4 F. Solid particlend in the TEM images
confirms that most of the CaG@ores protected by (PAH/PSSIO, shells are not removed
by HCI. Therefore, we can conclude that Ca®@ath (PAH/PSSYSIO, coating possess a
good stability under acidic environment, since most of ta€@ particles are protected by
the thick and dense composite shells. In addition, it ighwpointing out the existence of
some hollow particles in the system, as indicatechénSEM, TEM and CLSM images in
Figure 1, Figure 2 and Figure 4. This can be explained by therencarof defects in the
composite shells for small proportiaonal particles, ltedufrom some possible alteration or
fluctuation of the reaction parameters such as the@mwent temperature during the silica
coating process. The hybrid shells with defects canmetcept small molecules and prevent

them from going through the shelhereby cannot effectively protect the CaOres.

Figure 4. SEM (A, B, C) and TEM (D, E, F) images of CagZ@®@AH/PSSY/SiO, after 2 mins

of incubation in 1 M HCI treatment.
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3.3 Performance Under Alkaline Treatment

The (PAH/PSS) multilayers without and with SiDincorporation were subjected to harsh
alkali conditions to test their stability and responsiveab@ur. As mentioned above, the
possible damage of (PAH/P$Sand (PAH/PSS)SIO, induced by NaOH are hardly
recognized and characterized by SEM and CLSM measurentéelyifivere coated on solid
CaCQ particles, because NaOH can not dissolve CGa@Ores. Therefore, hollow
(PAH/PSS§ microcapsules without and with Si@ecoration were employed to study the
tolerance to extreme basic conditions. Figure 5 shows SBE® images of original
(PAH/PSS) capsules and the ones after soaking in NaOH solution (pH¥h®) results
indicates that with only 2 seconds of treatment, &ldapsules are completely disassembled
into flocculated sludge (Figure 5 B). Such results provatighre PAH/PSS multilayers are

not stable in solvents witlhigh pH value.

Figure 5. SEM images of pure (PAH/PSS)apsules before (A) and after (B) being sxhk

NaOH (pH=13) for 2 seconds.
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Figure 6. SEM (top row) and CLSM (bottom row) images of (PAH/PESD, capsules
loaded with Rh-B and treated with NaOH solution (pH=13) for (A) 0 min, (B) 10 nans

(C)1h.

Subsequently, the performance of composite shell in Na©Htien (pH=13) was
investigated by employing (PAH/PSSIO, capsules loaet with small molecules, RB- As
shown in Scheme 1, Rh-B were sealed inside their cavitieésgdilre silica coating process.
Different from the flattened (PAH/PSSinicrocapsules without SiOcoating, Figure 6 Al
shows_that (PAH/PS8BIO, capsules are strong enough ke intact and remain their
spherical morphology under the dry state. Their CLSMgienan Figure 6 A2 confirms the
efficient encapsulation of Rh-B molecules. Rh-B dtialiffuse outside easily if any defects
or cracks appear which might induced by NaOH soaking. After 10 afirsmaking with
NaOH, no change in morphology found in the SEM image, Figure 6 B1. It seems that all
the RhB moleculesare still sealed firmly inside the capsules @st wf the capsules in the
CLSM image are filled red balls, as illustrated in Figure 6\BBen prolonging the time to 1

h, no significant changes in morphology appear, as iy the SEM image in Figure 6
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C1. For the encapsulation behaviour, the CLSM imageguar€i6 C2 indicates that some of
the capsules lose the encapsulation property, showingllas/lred ring indicated by arrows.
But there are still more than 50% of the capsules maedaRh-B molecules. When further
prolonging the soaking time to 4 h, some morphology clawgea be identified from the
SEM image in Figure S7 B (Supporting Informaiton), shoviaiggaggregated particles on the
shell surface. The composite capsules collapse armtkat®yed to a large extent after 24 h of
incubation in NaOH, Figure S7 C (Supporting Informaiton). Garad with poor stability in
extreme basic solution for PAH/PSS multilayers, @bsious that the incorporation of in situ
formed SiQ NPs into the (PAH/PS§)matrix significantly improves its stability in basic
condition, demonstrated by the 4 hours maintenanceogphology and structure in NaOH

solution (pH=13)

A Soft & flexible PAH/PSS Disassembled & dissolved in NaOH solvent

PSS Deprotonation;
3 Neutralized by OH™

H,
.. Neutral PAH
~(Shrinking)

oé Hgas

PAH

Electrostatic repolsion
(swelling)

PSS

PAH
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Figure 7. Mechasism models of (A) disassembly of PAH/PSS upon Na@4iment and (B)
intact behaviour of PAH/PSS/SiQupon NaOH treatment. The incorporated silica NPs

concrete together as a solid and dense matrix, fixingdfide?’AH and PSS inside it.

Figure 7 depicts the possible mechanism models for the eapsithout and with SIONPs
coating under NaOH treatment. For the pure PAH/PSS capthagst of the solution affects
the interaction (attractive or repulsive) between the tpmositely charged PAH and PSS and
consequently changed the multilayer structi® Specially, as shown in Figure 7 A, at pH
7 (Dl-water as solvent) both polyelectrolytes are highiyarged, and there is a global
compensation of charges between the polycation and tlyangmn. The PAH and PSS
molecules are assembled together and form stable butnsdiftayer capsules. When the
PAH/PSS multilayers were incubated in NaOH solvent with pHwi®ch is higher than the
pKa of polybases, i.e. PAH (pKa=10.8), the assembled PAldniescuncharged and coiled
thus resulting in the disassembly of the capsdféd. In addition, due to the high
concentration of OHions, the intramolecular and intermolecullar eledttis repulsion of
the assembled PSS molecules increases, leading toswteling and dissociation of PSS
molecules in the solvent from the multilayers, whialso promotes the disassembly
proces$®? In terms of the composite PAH/PSS/Sihells, the Si@inorganic NPs are in situ
formed and introduced into the polymer multilayers bya-step sol-gel approach. Different
from the addition of pre-prepared inorganic NPs in polymerittilayers the incorporated
silica NPs integrate with each other as well as the olgmer, forming a continuous,
homogenous, dense and intact hybrid Sh&IAs shown in Figure 7 B, the soft PAH and PSS
moleculers are coagulated and fixed by the solid, ®ididing blocks, and thus could not
rotate or move. Therefore, the chamgd the electrostatic attractive forces between the
polymeric layers, i.e., PAH and PSS, and that of theefdretween the polymeric building

blocks and inorganic Siparticles is likely to be negligible when the extermalimnmental
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ionic conditions change. It is demonstrated by the trtamrphology and structure of the
composite capsules upon modifying the pH value in the réoge 1 to 13 with a certain
period of treatment time. Notably, when treating the (PAIS)FSIO, with concentrated
NaOH (pH=13) for 1 h, some capsules lose the small molecekgpsulation property (Figure
6 C2) even though they still keep their morphology unchanBedause the hydroxyl ions
(OH) in the solvent are given plenty of time to attackitioporated non-crystalline silica,
reacting with Si-OSi and the hydroated silica (e.g., @H). Possible reactions are shown as
following: (383941

Si—0—Si + H,0 - 2Si — OH (1)

Si—OH + NaOH - Si—0~ +Na*+H,0 (2

Si(OH), + 2 NaOH — Na,H,Si0, + 2H,0 (3)
Usaully, when the the composite shell contacts with mvdigdrolysis reaction (1) happens
and results that the surface of silica particles iseoety with a thin layer of Si-OF%3%4Y
Reaction (1) occurs in water, but it is catalysed by hydrayd and is completed only in
sufficiently alkaline solution8” Hence, with base catalysis, more and more silica
hydrolysizes intoSFOH, Si(OH),, Si(OH) and Si(OH). Such hydroated silica will quickly
react with hydroxyl ions, asxemplified in reaction (2) and (3), which may promote the
connection and merge between individual silica NPs and resudivelling to some
degre€®**! The deprotonation of hydroated silica and the consequent tiormaf
dissolvableSiO" and NaH,SiO, facilitates the detachment of silica into the solutionthis
study our results demontrate that the composite capsulestdiow any obvious change in
their morphology and permeability, when incubated in NaGMt®n at 25°C for less than 4
h. This is due to that the hybird structure of polymers amchsi$ condensely packed and
integrated. The polymeric buliding blocks inhibit the hydrslynd dissolve process of silica
particles upon the attack of hydroxyl ions. Simultaneouslg, densely packed silica NPs

provent the rotation and disassembly of PAH/PSS upon highdbbl attack. It shall be noted,
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however, that some defects may appear in the compabsgiliedsiring the reaction processes,
which results in the release of Rh-B molecidsslemonstrated by the red rings in the CLSM
image in Figure 6 C2. With proloning the treatment time, nsdiea NPs react with NaOH.
When the time approaching 24 h, the amount of the soludéura silicates such as
NaH,SiOy is increased significantly, leadirtg the appearance of obvious defects and even
complete disruption of the composite shells. Hencerlywe® intact capsules are found in

Figure S7 C (Supporting Information).

3.4 Ultrasound Responsive Properties

Figure 8. SEM images (top row) and confocal fluorescent images dimottow) of
CaCQ/(PAH/PSSYSIO, with 2 s (A, B) and 6 s (C, D) of ultrasonication bef¢A, C) and

after (B, D) EDTA treatment.

For the controlled release of cargo from the compasitdls, ultrasound, which is already
employed as a diagnostic and therapeutic method for mhi@egases, is a promising trigger
due to its long penetration depth and low invasive nature. Amsnated previously,

composite shells with inorganic NPs possess a higher ségsto ulrasonication when
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compared with soft polymer shells. This is due to the fa&t inorganic NPs empower the
formed shells with an increased stiffness, thereforee@sing the density gradient across the
water/shell interface, consequently improving the absorptfoacoustic energy®?? Here,
we treated the CaGPAH/PSSYSIO, particles with ultrasound (GEX 750, Sonics &
Materials, Inc., USA, 20 kHz, 50 W, 30% amplitude). SEM imagethe particles after
different sonication times are displayed in Figure 8, awestrating that the ultrasound waves
can break the composite (PAH/PZS)O, shells and even rupture the solid CaGsores.
With 2 s of ultrasonication, some particles still shrmwintact morphology, as indicated by the
arrows in Figure 8 A. The solid fluorescent balls in CLSMges further prove the existence
of CaCQ cores. However, such results can not prove thatdahgasite shells covering the
intact CaCQ cores are not destroyed by the ultrasound treatment. bvogitbhem in EDTA
solution was then carried out. All particles collapse arsgems that no cores maintain intact
after EDTA treatment, Figure 8 B. The corresponding CLSMgenindicates that there are
only broken shells and no filled fluorescent spheres anendfo If prolonging the
ultrasonication time to 6 s, the size of fragmentsekeses and almost no particles are found
with an intact spherical shape, as proved by the SEM imageguard-i8 C. After EDTA
treatment, the broken composite (PAH/PSSIYD, shells are left without any CaG@articles,
which can be clearly seen from the CLSM image in Figur®. 8owever, with only 6
PAH/PSS bilayers of coating, the Cag@articles are not broken by 6 s of ultrasonicaiton, as
shown in Figure S8 A (Supporting Information), which indésathat the polymeric shells
possess a lower sensitivity to ultrasound compared witltdh@osite shells. After soaking
with EDTA, all CaCQ cores are removed, leading to (PAH/PSS8icrocapsules with some
defects as indicated by the arrows in Figure S8 B (Suppdrifogmation). In general, here
we demonstrate that the composite shells have the abiliigsist chemical attack, especially
to the extreme acidic (pH=1) and basic (pH=13) conditioms;iwnis important for the design

of drug carriers, biosensing systems, and composite NPs iégaso recovery
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applicationd!?***¥ Ultrasound waves can be used as a tool to open the comgusiitend
enable release of the entrapped particles or moleclileereby, the polymeric-inorganic
composite (PAH/PSEBIO, shells present a promising platform for stable and tunable
microcontainers for encapsulation of small moleculagge macromolecules, nanopatrticles,
cells, and other species, for protection during their delipeogess, and for their controlled

release in areas of interest upon external ultrasoeathtent.

4. Conclusion

Our study demonstrates a combined LbL assembly and sol-gebdné&ih synthesizing
polymeric/inorganic composite shells with excellent toleeamo harsh acidic and alkali
conditions ( < pH < 13). The (PAH/PSSJSIO, composite shells are densénicker and
more stable than (PAH/PSS9hells showing the ability to prevent the encapsulated GACO
particles from being dissolved by EDTA and HCI, and theilidag to seal small molecules
(e.g.,Rh-B) inside to protect them under extreme basic conditibim pH=13 for a relativly
long time. The thickness of the (PAH/PES)O, shell reachsto ~ 300 nnirhe SEM, TEM
and CLSM data reveal that most of the CalfRAH/PSSYSIO, particles are maintained an
intact morphology and solid structure after acid treatrignder the harsh basic environment,
(PAH/PSS) multilayers are found to quickly disassemble after only @& sncubation in
NaOH (pH = 13) due to deprotonation of amino groups at PAH. In ctntih@scomposite
shells, (PAH/PSSJSIO,, display an intact morphology for 4 h upon NaOH treatmehtch
demonstrates their enhanced stability and excellent toletanbarsh basic conditions. In
addition, CLSM images prove the ability of composite sh&dl encapsulate Rh-B and to
protect them for 4 hours longo break the composite shells and release the encapkulate
substance, ultrasound can be used as one potential tool.c@&ugosite (PAH/PSFSIO;,
shells witha higher chemical stability andlower permeability could be potentially used for

various applications where protecting the activity of smadlecules in extreme conditions
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and allowing their controlled and triggered release is reduiFurther works will focus on
encapsulation and delivery of pH-sensitive drugs by such catapsi®lls, or developing

controlled surfactant delivery systems which are toleremsgibsurface conditions.
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